The output torque of a three-phase interior permanent magnet synchronous motor (IPMSM) can be controlled within its allowable range using a pulse-width modulation (PWM) DC-AC inverter. In this paper, the effect of load torque on the iron losses of an IPMSM is studied by considering three different driving conditions, namely no-current, noload, and load conditions. In order to perform a careful evaluation in the experiments, the motor is tested at various rotational speeds, namely 750 min −1 , 1500 min −1 , and 2250 min −1 ; the voltage modulation index of the PWM inverter and the load torque are also varied. The experimental results in all the test cases show that the iron losses of the motor vary when the excitation condition is varied among the no-current, no-load, and load cases. Furthermore, a three-dimensional (3D) finite element analysis (FEA) is performed for the main test case when the motor is operated at the rated speed of 750 min −1 for reference purpose. The harmonic components caused by the excitation inverter in the stator voltage, current, and magnetic flux density are found to be the main reasons for the increase in iron losses of the motor in the no-load and load conditions compared to the no-current condition; an increase in torque also causes a relatively significant increase in the iron losses.
Introduction
Since electrical motors are being more and more utilized for home appliances, industrial machine systems and automotive technologies, improving their efficiency is becoming crucial in order to lower the burden on electrical energy production. Due to the variation of magnetic flux, the iron losses occur in the motor magnetic cores. In an effort to decrease them, a lot of studies have been carried out to analyze the iron loss phenomena (1)- (11) .
Interior permanent magnet synchronous motors (IPMSM) are often driven by pulse-width modulation (PWM) inverters. The output voltages of PWM inverters have strong high harmonic components and therefore a high total harmonic distortion (THD), especially for two-level inverters (1) . The PWM inverter output voltage supplied to wound soft-magnetic material cores or electrical motors tends to increase iron losses compared to the case of pure sinusoidal voltage supply (2) (3) . The impact of the PWM parameters, such as the carrier frequency (4) or voltage modulation index (5) , on electrical motor iron losses has been studied. The relation between the number of inverter level and the motor iron losses has also been investigated in (6) .
Using the three-dimensional (3D) finite element analysis (FEA) to calculate the iron losses of a PWM inverter-fed a) Correspondence to: Nguyen Gia Minh Thao. E-mail: ngmthao @toyota-ti.ac.jp * Toyota Technological Institute 2-12-1, Hisakata, Tenpaku-ku, Nagoya, Aichi 468-8511, Japan IPMSM, it has been found that the iron loss increase caused by PWM primarily concerns eddy current loss, with the worst impact on magnets (7) . Furthermore, an analytical model has been developed to evaluate the impact of the load on the rotor iron losses of a high-speed permanent magnet synchronous motor (PMSM) (8) ; this research showed that the load can sensibly increase the rotor iron losses. Impacts of PWM voltage modulation index on motor iron losses in only the no-load condition were shown in (9) (10) . Nevertheless, the impact of the load on motor iron losses has not been enough considered. The existing papers in (1)- (11) only considered motor iron losses either in no-load condition or load condition, but they did not study and compare both the operational conditions in numerical analysis with 3D model and experiments. We found no paper that clearly deals with this problem in detail. The impact of the load can be estimated by comparing the load and no-load conditions, especially differences in voltage, current, magnetic flux density waveforms at different points in the motor core, characteristics of harmonic components, and iron losses. This is the key originality of our research.
In addition, manufacturers often provide characteristics of motor iron losses under the no-load condition only. However, let us note that the characteristics of motor iron losses in the no-load condition cannot be considered true and suitable for every load condition. In an electric vehicle (EV), the motors connected with wheels are operated in both the no-load and load conditions. The no-load condition can be considered as a special case with a very tiny load torque, while the load condition is with many real operation modes of the EV, especially when the load torque or the increasing rate of the EV speed is large. Therefore, the iron loss characteristics of the IPMSM in no-load and load conditions should be examined and compared by 3D numerical analysis and various test cases to develop a high-efficient motor drive system utilized for the actual EV; this is the main usefulness of this study.
In this paper, three different driving conditions, namely no-current, no-load and load, are tested to evaluate detailed effects of the load on iron losses of the PWM inverter-fed IPMSM; the analyzed and measured values in the no-current condition are used for reference purpose only. In experiments, the motor is operated at different rotational speeds of 750 min −1 , 1500 min −1 and 2250 min −1 ; in addition, the PWM voltage modulation index is adjusted to various values of 0.25, 0.45, 0.67 and 0.9 for evaluation; the load torque is suitably set at 0.5 N·m, or 0.67 N·m, or 1 N·m to ensure a good operation for the motor system in each test case. Moreover, the 3D FEA in simulation is conducted to assess impact of the load on three different parts of the motor core (i.e. magnets, edge of rotor, and stator tooth) in the first test case. The magnetic flux density and eddy current losses are also analyzed by the 3D FEA.
The remaining of this paper is organized as follows. Section 2 briefly presents the IPMSM characteristics. Section 3 shows the experimental methodology with details on the different three driving conditions. Section 4 explains the 3D FEA and the numerical calculation of the iron losses. Section 5 gives the experimental and numerical analysis results in the first test case when the motor is operated at the rated speed of 750 min −1 . Three additional test cases in experiments when the motor is operated at the higher speeds are considered in Section 6. The conclusion and future work are presented in the last section.
Electrical Motor Characteristics
The electrical motor used in this paper is a three-phase IPMSM with concentrated windings; it has 8 poles and 12 stator slots. The quarter cross-section view and the related dimensions are illustrated in Fig. 1 ; besides, the stator tooth Table 1 . Electrical characteristics of the IPMSM and yoke have a similar thickness of 47 mm. In this figure, the radial magnetic flux density waveforms are obtained from the 3D FEA at three different points at the surface of the model; those are located on the magnet (point A), the edge of the rotor (point B) and the stator tooth (point C). The magnets are sintered NdFeB; the stator and rotor soft magnetic material is the non-oriented silicon steel 35H300. The main electrical characteristics of the motor are presented in Table 1 , in which the phase resistance R s is measured under DC condition. This motor is an experimental design prototype in our laboratory for research on direct motor drives used in future EVs.
Experimental Methodology
First, the motor is operated for warming-up purpose for ninety minutes. Then, from the time t = 90 minute to 120 minute, and from the time t = 140 minute to 180 minute, we perform seven measurements in total; each measurement has ninety samples and is collected for ten minutes. There are 630 data samples for all the measurement times of each experiment. For each operational condition (i.e. no-current, noload, and load tests), we perform four independent times of experiment; each experiment is also conducted and checked carefully to obtain the reliable data. Last, the result is the average value of all the times of experiment.
No-current Test
The experimental set-up of the no-current test is presented in Fig. 2 . During this test, the IPMSM is rotated by an auxiliary brushless DC (BLDC) motor. The tested IPMSM armature windings are in open circuit so that no current flows. A torque meter is connected between the two motors in order to measure the mechanical output power of the BLDC motor P BLDC , which is considered to be the sum of the IPMSM iron losses in no-current condition P i noc and its mechanical friction losses P f as follows. P BLDC = ωT BLDC = P i noc + P f · · · · · · · · · · · · · · · · · · (1) Where ω is the measured speed in rad/s and T BLDC is the measured torque in N·m. The iron losses P i noc are considered to be the sum of the magnets, rotor and stator iron losses that are produced only by the rotating magnets. In order to estimate P i noc , P f has to be measured by a preliminary test. This preliminary test consists in replacing the IPMSM rotor by a rotor with demagnetized permanent magnets and then performing the same test as in Fig. 2 . Using demagnetized permanent magnets, no iron loss occurs in the IPMSM and the term P i noc disappears in (1). The measured BLDC output power is then considered as an approximation of P f . The torque meter is Onosokki TH-3104H, which accuracy is equal to ±0.002 N·m and maximum measurable torque equal to 1 N·m.
Furthermore, in the no-load and load tests, an external encoder will be used for rotational speed feedback of the IPMSM to the PWM inverter control. Although the encoder has small mechanical resistance, the encoder mechanical loss can be estimated using a modified no-current test, in which an external encoder will be additionally connected to the right side of the IPMSM shaft in Fig. 2 . In this modified no-current test, (1) is now rewritten as follows.
Where P BLDC enc is the measured total mechanical output power of the auxiliary BLDC motor and T BLDC enc is the measured torque in this modified no-current test. From (1) and (2), the encoder mechanical loss P enc now can be computed as
· · · · · · · · · · · · · · · · · · · · (3)
For reference, the measured values of P enc in this study are 0.1571 W, 0.3142 W, and 0.4712 W in cases when the motor is operated at speeds of 750 min −1 , 1500 min −1 , and 2250 min −1 , respectively. The consideration of encoder mechanical loss P enc in evaluating motor iron losses in the load test and the experimental method used to measure P enc are also the one of contributions of this paper as compared to other existing related research works.
No-load Test
The experimental set-up of the noload test is depicted in Fig. 3 . The IPMSM is driven by a PWM inverter. A power analyzer is used to measure the IPMSM input active electrical power P 3φ , phase rms currents I u , I v , I w and the phase voltages. The power analyzer employed in this research is Yokogawa PX8000; it uses internal shunt resistances for the current measurement and has a sampling frequency of 100 MHz and a bandwidth of 20 MHz. Where P enc is computed in (3), the total iron loss of the IPMSM under the no-load condition P i nol is calculated as follows.
The PWM carrier signal is triangular-shaped with the default frequency of 1 kHz in test cases when the motor speed is 750 min −1 (Section 5) or 1500 min −1 (Subsections 6.1 and 6.2); the carrier frequency is only slightly changed to 2 kHz once the motor speed is 2250 min −1 (Subsection 6.3) for a good operation of the experimental motor system. The deadtime of the inverter is 3.5 μs, and the d-axis current I d is controlled to follow its reference value of 0 A. The default value of DC bus voltage V dc is set to 180 V.
Only in a test case when the motor speed is 1500 min −1 in Subsection 6.2, V dc is reduced from 180 V to 90 V to significantly increase the voltage modulation index in the PWM inverter for evaluation purpose.
Load Test
The experimental set-up of the load test is illustrated in Fig. 4 . The PWM inverter drive system and the IPMSM input power measurement method are identical to what is used during the no-load test. Contrary to the no-load test, a mechanical load composed of a BLDC motor and a resistance network is connected to the IPMSM rotor shaft. By adjusting the resistance network, the IPMSM output torque is close to 1 N·m at the rotational speed of 750 min −1 (Section 5) and 1500 min −1 (Subsection 6.1), or 0.5 N·m at the rotational speed of 1500 min −1 (Subsection 6.2), or 0.67 N·m at the rotational speed of 2250 min −1 (Subsection 6.3). A torque meter is placed between the IPMSM and the BLDC motor in order to measure the IPMSM output power T out and the shaft rotational speed ω. The torque meter in use is Onosokki SS-020. It can measure a maximum torque of 2 N·m and its accuracy is equal to ±0.004 N·m. The total iron loss of the IPMSM under the load condition P i loa is calculated using the following equation
· · · · · · · · · · · · · · · · · · · · (5) 
Finite Element Method for the Iron Loss Calculation
A 3D mesh model built with JMAG software is used for the FEA and is presented in Fig. 5 . Only one quarter of the IPMSM axial cross-section is considered, and the axial length is equal to the steel sheet thickness of 350 μm. A timestepping magnetic field analysis is performed using the 3D vector potential equation
· · · · · · · · · · · · · · · · · · · · · (7)
Where A is the magnetic vector potential, Φ is the electric scalar potential, J 0 is the stator phase current density, σ is the electrical conductivity of the material, μ is the magnetic permeability and M is the PM magnetization. σ and μ depend on the considered material (electrical steel or magnet), and the magnetic permeability of the magnet is considered equal to that of the air μ 0 . The stator phase current density is the input of the model. While it is equal to zero in the no-current condition, it is not zero in the no-load and load conditions. In the later cases, the current density obtained by measurement is used as the input to the model.
Since there are reflection symmetries, the periodic boundary conditions are applied at the edges of the model. In addition, the Dirichlet boundary condition is applied at the interlamination (air) surface boundaries, which means that the vector potential and the axial component of the magnetic flux density B z are considered locally null in the vicinity of these surfaces. The assumption on the interlamination boundary condition might lead to inaccuracies but allows considering the lamination sheet individually. This has the advantage of considerably decreasing the computation time as compared to the case when the full axial length of the motor is considered in numerical simulation. 
Calculation of the Hysteresis Losses
The hysteresis losses are calculated using the Steinmetz approximation. Because the Steinmetz equations are usually used for two-dimensional (2D) models only, the following calculation procedure is used to adapt the equations. The magnetic flux density is first averaged over the axial direction. As an illustration, let α be the mesh element which composes the actual mesh of the 3D model and is defined by its radial, tangential and axial coordinates in the 3D space. Now let β be the element of a fictional mesh which groups the mesh elements in the axial direction as illustrated in Fig. 6 .
This element is defined by its radial and tangential coordinates only and does not depend on the axial coordinate. Equations (6) and (7) are solved to obtain the radial, tangential, and axial components of the magnetic flux density in the mesh elements α. They are respectively noted B r,α , B t,α , and B z,α . Let (i,j,k) be the coordinate index of a given mesh element α, in which i represents the radial coordinate, j the tangential coordinate, and k the axial coordinate. The magnetic flux density of the β mesh element is the average of the magnetic flux density in each α mesh element inside the β mesh element.
For example, the radial component of the magnetic flux density in the mesh element β is
H L · · · · · · · · · · · · · · · · · · · · · (8) where N z is the mesh division in the axial direction (N z = 10), h k is the dimension of the mesh element α in the axial direction, and H L is the lamination thickness. The same calculation applies for the tangential component B t,β , but the axial component B z,β is supposed negligible and is not considered in the hysteresis loss calculation for matter of consistency with the 2D nature of the Steinmetz equations. After the above calculation, a fast Fourier transform (FFT) is then performed on the time-varying waveforms of the magnetic flux densities B r,β and B t,β in order to obtain the magnitude of the harmonic components B r,β,n and B t,β,n . The hysteresis loss density in a given β mesh element is calculated by
K hys,n (B 2 t,β,n + B 2 r,β,n ) f n · · · · · · · · · · · · · · · · (9)
where n is the harmonic order, N h is the maximum harmonic order, f n is the frequency of the n th harmonic, and K hys,n is the hysteresis loss coefficient derived from the material specific iron loss data, which depends on the frequency, as denoted by the subscript n.
Calculation of the Eddy Current Losses
In each mesh element α and at each time-step of the simulation, the magnet, stator and rotor eddy-current density vector − − → J e,α is calculated based on the electrical field. This field is itself derived from the electric scalar potential Φ. As expressed in (10) , the calculation of the eddy-current loss density W ed in a given α element is based on the integration of the eddycurrent density through time considering the electrical conductivity σ.
dt · · · · · · · · · · · · · · · · · · · · · · · (10)
where κ is the anomaly factor used as approximation to take the anomalous loss into account. Its value is 2 for the electrical steel used in the rotor and stator, and 1 for the magnets. T e is the electrical period, N t is the number of time-steps of the analysis, and dt is the time-step duration.
Experimental and Numerical Analysis Results
in Case 1: With the rated motor speed of 750 min −1 In this case, the motor is operated with a rotational speed of 750 min −1 , and the load torque is adjusted to 1 N·m in the load condition. The results of experimental results and numerical calculation are presented in Fig. 7 . Differences between the numerical calculation and experimental results can be observed but stay small. Both numerical calculation and experiments show the largest iron losses for the load condition, closely followed by the no-load condition, while the lowest iron losses are obtained in no-current condition. Note that the detailed comparison between the no-load and load conditions is the key goal of this paper; the measured and analyzed values in the no-current mode are only used as reference values. Observing the FEA results, it can be seen that the hysteresis losses in the stator and rotor are almost equal in every working condition but there is a significant difference in the eddy current losses. Let us note that this is the main test case of this paper; the three additional test cases will be also performed in Section 6 for more detailed consideration and evaluation.
Analysis of the Phase Voltage
The u phase to neutral voltage measured under the three conditions is depicted in Fig. 8 . In the no-current condition, the rotation of the magnet is responsible for a varying magnetic flux in the stator, which induces a voltage (black curve) in the phase windings.
Contrary to the no-current condition, high frequencies appear in the phase voltage measured under the no-load and load conditions, due to the inverter switching operation. In order to observe the high-frequency harmonics, a discrete Fourier transformation (DFT) is performed and the magnitude of the voltage harmonics are presented in Fig. 9 . Only the fundamental, 5 th and 7 th harmonics appear in the nocurrent condition. High order harmonics due to PWM appear only in the no-load and load conditions. Moreover, it can be noticed that both the PWM high order harmonics and the fundamental value are higher in the load condition as compared to the no-load condition. This can be explained by the fact that during the load condition, the IPMSM fundamental current is obviously higher than the one in the no-load condition in order to output a higher torque.
Because of the motor phase impedance, the higher fundamental current implies the higher fundamental voltage. The rms value of the fundamental phase voltage can be approximated by the following equation
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (11) where m is the PWM voltage modulation index. Since V dc is fixed at 180 V in this case, the vector control adjusts m to control the IPMSM fundamental phase voltage. Accordingly, m is equal to 0.241 in the no-load condition and 0.266 in the load condition. The increase of the voltage modulation index not only efficiently increases the fundamental voltage but also has the adverse effect of increasing the amplitudes of the PWM high order harmonics (9) . In this study, the effect of the higher values for the voltage modulation index on the iron losses of the motor will be presented and examined in Section 6.
Analysis of the Phase Current
The phase currents measured under no-load and load conditions are illustrated in Fig. 10 . The amplitudes of the current harmonics obtained by DFT are described in Fig. 11 . The operation in the load condition clearly increases the fundamental current, but the high order harmonics due to the PWM also have larger amplitudes. This is the direct consequence of the larger voltage at high-order harmonics in the load condition. The phase current is responsible for magnetomotive forces originating from the stator windings and having an effect on the magnetic flux density in the stator, rotor and magnets. The actual value of the d-axis current I d slightly fluctuates around the reference value I ref d = 0 A; and its measured fluctuation range Fig. 10 . Phase current waveform under no-load and load conditions, Case 1 Fig. 11 . DFT of phase current waveform, Case 1 is (−0.405 A, 0.405 A). The measured value of q-axis phase current I q is 3.349 A. The armature current phase angle ϕ i can be computed according to (12), and its value is small in the range of (−0.12 rad, 0.12 rad).
ϕ i = tan −1 I d I q · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (12)
The next subsection presents a detailed analysis of the magnetic flux density in the three operating conditions by use of the 3D FEA numerical calculation results. As depicted in Figs. 9 and 11 , the magnitudes of harmonic components in the voltage and current waveforms of IPMSM increase pretty significantly in the load condition as compared to the ones in the no-load condition.
Analysis of the Magnetic Flux Density
Using the FEA, the magnetic flux density waveform can be observed at any point of the motor model. The radial magnetic flux density waveform has been obtained from the FEA at three different points located at the surface of the model. These points are located on the magnet (point A), the edge of rotor (point B), and the stator tooth (point C), as described in Fig. 1 . The magnetic flux density waveforms at the above three points are illustrated in Fig. 12 . The fundamental frequency of the waveform is three times the electrical frequency. This is due to the slot effect (the IPMSM has three slots per pole pair). Moreover, the magnetic flux density waveform under the load condition has more ripple than ones under the no-current and no-load conditions. This is also observed in the DFT illustrated in Fig. 13 in which high order harmonics appear only for no-load and load conditions. This is the effect of the PWM high order harmonics in the phase current observed back in Figs. 10 and 11. It can also be seen that because the fundamental current under no-load condition is almost null, the fundamental of the magnetic flux density is almost the same between no-current and no-load conditions. However, both the fundamental and the high order harmonics of the magnetic flux density are larger under the load condition than under the no-load condition. This is thought to be due to the increase in both fundamental and high order harmonic components of the current under the load condition as compared to the no-load condition, which are observed and commented in the previous subsection.
In order to more clearly quantify the effect of the load on the magnetic flux density, the harmonic content of the waveforms is calculated. The harmonic content of the magnetic flux density in a given harmonic order range [N 1 ; N 2 ] is given by
r,α,n · · · · · · · · · · · · · · · · · · · · · · · · · (13) Table 2 gives the amplitude of fundamental and the complete harmonic content excluding the fundamental (N 1 = 2, N 2 = N h ) of the radial magnetic flux density at the points A, B and C for both no-load and load conditions. In the magnets, rotor and stator, both the harmonic content and the fundamental are higher in load condition. Moreover, it can be seen that the strongest increase rate occurs in the magnets, followed by the rotor and finally the stator. In particular, the increase of fundamental in the rotor and stator is almost null. Since Effect of Load Torque on IPMSM Iron Losses Nguyen Gia Minh Thao et al. Table 2 . Comparison of fundamental and harmonic content of radial magnetic flux density in no-load and load conditions in Case 1 the eddy current losses basically increase with the square of the magnetic flux frequency, it is thought that the increase of high order harmonic content in the load condition is the main cause of the stronger eddy current losses observed in the magnets, rotor and stator as depicted in Figs. 7 and 14 . Moreover, the eddy current loss density in load condition is fairly much larger than the one in no-load condition as presented in Fig. 14. However, the hysteresis losses see almost no change, which means that the increase reported in Table 2 is too small to affect them. Moreover, it is thought that the large increase rate, combined with the fact that the magnet is not segmented and then offers a large radial area, can explained the fact that the eddy current losses increase substantially in the magnets.
It is noted that the content presented and discussed in this section, including noticeable differences in the obtained results between no-load and load operational conditions shown in Figs. 7 to 14 and Table 2 , is one of the key originalities and contributions of this paper as compared to other existing related works.
Experimental Results in Three Additional Test Cases

Case 2: With Motor Speed of 1500 min −1 and Medium Voltage Modulation Index of 0.45
In this case, the motor is operated with a rotational speed of 1500 min −1 , and the DC bus voltage V dc is fixed at 180 V; the load torque is adjusted to 1 N·m in the load condition. All the no-current, no-load and load conditions are considered and conducted in experiments; the experimental results are shown in Fig. 15 . In detail, the total iron losses of the IPMSM in the no-current, no-load, and load tests are 5.341 W, 12.084 W, and 14.034 W, respectively. As compared to the no-current test, the total iron loss of the motor significantly increases 226.25% and 262.76% in the no-load and load tests, respectively. Furthermore, the total iron loss of the motor in the load condition is larger 16.16% than the one in the no-load condition.
The main goal of this test is to compare with the obtained results in Case 1 (see Fig. 7 ) when the motor speed is increased from 750 min −1 to 1500 min −1 . As a result, once the motor speed is increased, the total motor iron loss increases, and the total iron loss in load condition is still larger than the The PWM voltage modulation indexes m in the no-load and load conditions are 0.445 and 0.46, respectively. The actual value of the d-axis current I d slightly fluctuates around the reference value of 0 A; and its measured fluctuation range is (−0.5 A, 0.5 A). The measured value of q-axis phase current I q is 3.37 A. According to (12), the actual armature current phase angle ϕ i has a small value in the range of (−0.147 rad, 0.147 rad).
Case 3: With Motor Speed of 1500 min −1 and High Voltage Modulation Index of 0.9
In this case, the motor is operated with a rotational speed of 1500 min −1 , and the DC bus voltage V dc is reduced from 180 V to be fixed at 90 V. For a stable operation of the experimental motor system, the load torque is reduced to 0.5 N·m in the load condition. All the no-current, no-load and load conditions are Fig. 16 . In detail, the total iron losses of the IPMSM in the no-current, no-load, and load tests are 5.341 W, 8.214 W, and 9.4 W, respectively. As compared to the no-current test, the total iron loss of the motor increases 153.79% and 176% in the no-load and load tests, respectively. Besides, the total iron loss of the motor in the load condition is larger 14.44% than the one in the no-load condition. The PWM voltage modulation indexes m in the no-load and load tests are 0.891 and 0.905, respectively.
As compared to the experimental results in Case 2 (see Fig. 15 ), the total iron losses of the motor are relatively considerably reduced from 12.084 W to 8.214 W in the no-load test, and from 14.034 W to 9.4 W in the load test. The key reason here is the substantial increase of the PWM voltage modulation index from 0.445-0.46 in Case 2 to 0.891-0.905, while the load torque value was chosen as 0.5 N·m in this case to ensure a stable operation of the experimental motor system. Furthermore, we see that once the PWM modulation index is with a high value of 0.9 under the fixed rotational speed mode, the total iron loss of motor in load mode is still fairly much larger than the one in no-load mode.
The actual value of the d-axis current I d slightly oscillates around the reference value of 0 A, and its measured fluctuation range is (−0.5 A, 0.5 A). The measured value of q-axis phase current I q is 1.79 A. According to (12), the armature current phase angle ϕ i can be estimated, and its actual value varies in the range of (−0.272 rad, 0.272 rad).
Case 4: With Motor Speed of 2250 min −1 and Pretty High Voltage Modulation Index of 0.67
In this case, the motor is operated with a rotational speed of 2250 min −1 , and the DC bus voltage V dc is fixed at 180 V. For a good operation of the experimental motor system, the PWM carrier frequency is changed from 1 kHz to 2 kHz. The value of the resistor network connected to the BLDC motor (see Fig. 4 ) is kept same as the value set in Case 3. Because the motor speed is increased from 1500 min −1 to 2250 min −1 in this test case, the load torque is now measured as 0.67 N·m in the load condition.
All the no-current, no-load and load conditions are considered and conducted in experiments; the experimental results are described in Fig. 17 . In detail, the iron losses of the IPMSM in the no-current, no-load, and load tests are 9.817 W, 17.389 W, and 19.217 W, respectively. As compared to the no-current test, the total iron loss of the motor increases noticeably 177.13% and 195.75% in the no-load and load tests, respectively. In addition, the total iron loss of the motor in the load condition is larger 10.51% than the one in the no-load condition.
The PWM voltage modulation indexes m in the no-load and load tests are calculated as 0.663 and 0.677, respectively. As compared to Case 3, although the PWM carrier frequency need be slightly increased from 1 kHz to 2 kHz for a stable operation of the motor in experiment, the iron losses of the motor in this case are large due to the remarkable increase of motor speed from 1500 min −1 to 2250 min −1 . The main aim of this test case is to validate that the total iron loss of motor in load condition is always larger than the one in no-load condition, even when the motor is operated with a high speed of 2250 min −1 and a pretty-high voltage modulation index of 0.67. The actual value of d-axis current I d alters around the reference value of 0 A, and its measured fluctuation range is (−0.57 A, 0.57 A). The measured value of q-axis current I q is 2.39 A. As given by (12), the armature current phase angle ϕ i can be calculated, and its actual value is relatively small in the range of (−0.234 rad, 0.234 rad).
Conclusion
The experimental results demonstrated that, in the no-load test, lots of harmonic components produced by the PWM inverter on the IPMSM magnetic flux density increase iron losses of the motor noticeably as compared to the no-current test. Furthermore, when the motor is operated in the load condition, since the magnitudes of harmonic components on the IPMSM magnetic flux density are noticeably increased as compared to the ones in the no-load condition, the total iron loss of the motor increases relatively much, especially in the operational case with high load torque. The four different test cases in experiments with changes in the motor rotational speed, DC bus voltage, PWM voltage modulation index and load torque were conducted to extensively evaluate the effect of the load on the total iron loss of the motor. In general, it can be observed and concluded that if the rotational speed of the motor is increased or the load torque is increased, the total iron loss of the motor will increase. Besides, the actual value of the PWM voltage modulation index m heavily depends on the motor rotational speed and the DC bus voltage as described in (11) and the four experimental cases. Once the motor speed is fixed, if the voltage modulation index m is increased by decreasing the DC bus voltage, the total iron loss of the motor will decrease in both the no-load and load operational conditions, and vice versa.
In addition, in the first test case, the 3D FEA showed that the magnet eddy current losses are substantially impacted by a load torque increase in the load condition as compared to the no-load condition. It is clarified that the relation between the IPMSM iron losses and its load is caused by the higher PWM modulation index that is needed to increase the torque, which in turn increase the high order harmonics in the magnetic flux density.
In future work, the impact of the load on iron losses of the IPMSM under high rotational speeds with the flux weakening control technique, where the PWM voltage modulation index can be nearly equal to 1.0, will be investigated carefully. The eddy current distribution in the IPMSM using the 3D FEA will be also considered in detail. Moreover, a new control method with the changeable reference value for the d-axis armature current will be developed and implemented in an experimental IPMSM system.
